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Roadmap

• A brief introduction 
• Next generation sequencing
• Genome sequencing

• Genomic analysis
• Data annotations
• Data filtration strategies
• Candidate follow-up/Reporting

• Limitations of genome sequencing



Next Generation Sequencing (NGS) generates short 
fragments of sequence that are aligned to a reference 

https://www.intechopen.com/books/cloud-computing-architecture-and-applications/cloud-computing-for-next-generation-sequencing-data-analysis



• ~21,000 protein coding 
genes (~30 million base 
pairs)

• Includes known disease 
genes and novel genes

• Typically <100 genes
• Genes are selected for 

well-established role in 
disease

• Virtually all of your DNA 
(~3 billion base pairs)

• Includes known disease 
genes, novel genes, and 
noncoding regions 

NGS can sequence the entire genome, or a small part 
of it
Genome Sequencing (GS) Exome Sequencing (ES) Panel/

Targeted Sequencing

Copyright © 2012 
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“Genomic Sequencing”



Genome sequencing can uncover many types of 
genetic variation
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Well-established:
Single Nucleotide Variants (SNVs)

Small insertion/deletions (indels)

Trickier, but possible:

Short tandem repeats (STRs)/Repeat expansions (RE)

Copy number variants (CNVs) – deletions, duplications

Balanced structural variants (SVs) – e.g. inversions

…and more

A A Bor
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Millions of variants are identified in a typical 
genome

That’s a lot!



How do you find 
the disease-
causing 
variants/genes?



Genomic sequencing data can be used in 
many research contexts
Common/complex disease: genome-
wide association studies (GWAS)

Rare monogenic disease

Individuals with disease Individuals without disease

https://www.genome.gov/about-genomics/fact-sheets/Genome-Wide-Association-Studies-Fact-Sheet

Disease-
causing 
variant



Filtration makes the work manageable

Criteria 1
Criteria 2

Criteria 3

Criteria 4

Criteria 5

Millions of variants identified in a genome

Variants of interest



What variants might be of interest?

Benign Likely 
Benign

Likely
Pathogenic Pathogenic

Variant of 
Uncertain 

Significance

More detail on variant classification will be provided in Dr. Harrison’s lecture

• Population frequency > disease 
prevalence

• No impact on amino acid 
sequence

• Changes amino acid at a poorly 
conserved position

• Inheritance not supportive of a 
disease causing role

• Rare
• Severe protein impact
• Reported in other individuals 

with consistent phenotypes
• Segregates with disease in 

families
• De novo occurrences
• Functional studies supportive of 

an impact

Clinically relevant



GS bioinformatic pipelines “annotate” variants 
with lots of information to enable filtration

Quality 
Metrics

Population 
Frequency

Variant-
disease 

associations

Gene-level 
info

Zygosity/
Inheritance

Variant Impact



Case Example

• 18 yo male with aplastic anemia, recurrent oral ulcers. 
• Father, paternal grandmother, and 2 siblings also noted to have 

recurrent oral ulcers
• Whole exome sequencing ordered

67,000 Variants 
Identified



Variant Quality Metrics
Problem: Not 
all “variants” 
in the data 
set are real

Solution: Use 
quality 
metrics to 
remove 
spurious calls 
so we don’t 
waste time 
analyzing 
them



Common data quality metrics

Filter information based on defined numerical values:
• Allele balance – what fraction of the sequence fragments contain the 

variant? (Expect ~50% for a heterozygous change)
• Mapping quality – do the sequence fragments containing the variant 

line up unambiguously with the reference?
• Base quality – likelihood that the sequencer made the correct call at a 

position
• Depth of coverage – how much sequence information do we have at 

this position?



Good coverage is a requirement for accurate 
variant calling

NGS sequencing data is only reliable when supported by a  sufficient number of reads

• Coverage = The number of reads at any position 
• Determines ability to reliably detect variants 
• As amount of DNA being sequenced increases, coverage will be sacrificed (decreased)



Case Example

67,000 
Variants identified

47,000 
High quality variant 

calls

Variant quality metrics

• 18 yo male with aplastic anemia, recurrent oral ulcers. 
• Father, paternal grandmother, and 2 siblings also noted to have 

recurrent oral ulcers
• Whole exome sequencing ordered



Population Frequency
• Problem: We all carry a lot of variants that are too common to be disease-

causing

• Solution: Filter data based on frequencies in large population datasets (ie
gnomAD)

Reference sequence:  AGTGCCCATAGTGGA
60% of the general population: AGTGCCCATAGTGGA
40% of the general population: AGTGCCCTTAGTGGA

http://gnomad.broadinstitute.org/

Exomes and genomes from >100,000 
individuals (those with early onset 
Mendelian diseases excluded)

More detail on 
using gnomAD in 

Dr. O’Donnell-
Luria’s lecture

https://gnomad.broadinstitute.org/


When is allele frequency too high to be 
pathogenic?
Depends on a number of factors:

• How common is the disease (prevalence)? 
• Consider founder effects

• What is the inheritance pattern?
• Does everyone with a pathogenic variant develop a phenotype (penetrance)?
• How many different genes/variants cause the disease

VUS+ Likely Benign Benign

VUS
+

Likely 
Benign Benign

Any Mendelian 
disease

Autosomal dominant
cardiomyopathy

1% 5% 0% 0.02% 0.1% 

Visit http://www.cardiodb.org/allelefrequencyapp/ for a handy calculator

https://www.cardiodb.org/allelefrequencyapp/
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Case Example

67,000 
Variants identified

47,000 
High quality variant 

calls

7,000
Variants <1% minor 

allele frequency

Variant quality metrics Population frequency

• 18 yo male with aplastic anemia, recurrent oral ulcers. 
• Father, paternal grandmother, and 2 siblings also noted to have 

recurrent oral ulcers
• Whole exome sequencing ordered



Where do we go from here?

7,000
Variants <1% minor 

allele frequency

Genotype-centric Phenotype-centric Inheritance-centric
Show me the variants 
that are most likely to 
be classified as 
disease-causing

Show me all variants in 
a list of genes that are 
relevant to my 
patient’s phenotype

For suspected 
recessive disease: 
Show me all 
homozygous or 
compound 
heterozygous variants



Gene-Disease Association
If there are known or candidate genes associated with your phenotype 
of interest, you may want to screen all variants in those genes
• Problem: How do I know which genes to look at?
• Solution: Assemble gene lists by integrating information from 

multiple databases
Variant databases:
• ClinVar
• HGMD
• Others

Gene-disease reference materials:
• GeneReviews

(http://www.ncbi.nlm.nih.gov/books/NBK1116/)

• Genetics Home reference 
(http://ghr.nlm.nih.gov/)

• OMIM (http://www.ncbi.nlm.nih.gov/omim)

Other places to look:
• PanelApp

(http://panelapp.genomicsengland.co.uk/panels/)
• Genetic Testing Registry 

(http://www.ncbi.nlm.nih.gov/gtr/)
• PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed)

NOTE: There is no single comprehensive source for gene lists!
More detail on assessing gene/disease associations in Erin Rooney Riggs’ lecture

https://www.ncbi.nlm.nih.gov/books/NBK1116/
http://ghr.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/omim
http://panelapp.genomicsengland.co.uk/panels/
http://www.ncbi.nlm.nih.gov/gtr/
https://www.ncbi.nlm.nih.gov/pubmed


Where do we go from here?

7,000
Variants <1% minor 

allele frequency

Variant-centric Phenotype-centric Inheritance-centric
Show me the variants 
that are most likely to 
be classified as 
disease-causing

Show me all variants in 
a list of genes that are 
relevant to my 
patient’s phenotype

For suspected 
recessive disease: 
Show me all 
homozygous or 
compound 
heterozygous variants



Inheritance Patterns

- -

+

De Novo

• Must have sequence data 
from parents

• Paternity/maternity should 
be confirmed

GJB2: 
p.Met34Thr 

and p.Lys221Asn

GJB2: p.Met34Thr GJB2: p.Lys221Asn

GJB2: p.Met34Thr

Recessive

+ -

+

+

Dominant

-

-
• Filtrations are more 

powerful when you have 
sequence data from 
multiple affected family 
members

• Consider penetrance and 
expressivity

• Screen for the presence of 
multiple rare variants in a 
single gene

• Can be done without 
WES/WGS data from 
parents



Where do we go from here?

7,000
Variants <1% minor 

allele frequency

Variant-centric Phenotype-centric Inheritance-centric
Show me the variants 
that are most likely to 
be classified as 
pathogenic

Show me all variants in 
a list of genes that are 
relevant to my 
patient’s phenotype

For suspected 
recessive disease: 
Show me all 
homozygous or 
compound 
heterozygous variants



Variant Impact
o Truncating Variants: 

o Nonsense – Any amino acid changed to a stop codon
o Frameshift – Insertion or deletion of any number of bases that is not a 

multiple of 3, changes protein sequence and eventually introduces a 
stop codon

o Splice variants – Changes to splice consensus nucleotides impact 
messenger RNA processing and subsequently protein sequence

o Other potentially interesting variants:
o Start/stop loss 
o Missense (one amino acid changed to another)
o Silent variants with splice impacts
o Noncoding variants that impact RNA expression

Truncating
≠

Pathogenic



Published data

• Problem: Need an efficient way to find variants that have been 
reported in association with your phenotype of interest

• Solution: Filter variants based on presence/absence/classification 
from several databases***

• Web-based variant databases
• Public/freely accessible: ClinVar, LOVD, others
• Subscription based: HGMD, Mastermind, others

• Lab internal databases

***NOTE: There is currently no single comprehensive database!



• https://www.ncbi.nlm.nih.gov/clinvar/

• Clinical, research, and expert panel 
classifications

• Can have conflicts
• Different levels of detail, accuracy

• Provides overall interpretation based 
upon individual classifications

Aggregation of user-submitted variant 
classifications

ClinVar

More detail on using ClinVar in Dr. Landrum’s lecture

https://www.ncbi.nlm.nih.gov/clinvar/


Case Example

• 18 yo male with aplastic anemia, recurrent oral aphthous ulcers. 
Father, paternal grandmother, and 2 siblings also noted to have 
recurrent oral ulcers

• Whole exome sequencing ordered

67,000 
Variants 

identified

47,000 
High quality 
variant calls

7,000
Variants <1% 
minor allele 
frequency

Variant quality 
metrics

Population 
frequency

P/LP in ClinVar

6 Previously 
reported variants



Manual review of previously reported variants 
identifies a pathogenic change in STAT1

Food for thought: Does this finding explain the 
patient’s aplastic anemia? What could we be 
missing based on the filtration approach we 
took?



I have a candidate, now what?

• In-depth analysis of the association between the STAT1 gene and MCC 
• ClinGen has guidelines for assessing gene-disease associations: 

https://www.clinicalgenome.org/docs/summary-of-updates-to-the-clingen-
gene-clinical-validity-curation-sop-version-7/ (see Erin Rooney Riggs’ lecture)

• Assessment of the Ala267Val variant according to ACMG/AMP variant 
classification criteria

• PMID 25741868 (see Steven Harrison’s lecture)

• Variant confirmation by an orthogonal technology
• Requirement for this depends on setting, variant type

https://www.clinicalgenome.org/docs/summary-of-updates-to-the-clingen-gene-clinical-validity-curation-sop-version-7/


Sample filtration approaches: “Low hanging 
fruit”

Previously reported variants:
• ClinVar Pathogenic, Likely Pathogenic
• gnomAD popMAX <5%*

Predicted loss-of-function variants:
• Nonsense, Essential splice site, Frameshift, 

stop lost, initiator codon, start lost
• gnomAD popMAX <1%*
• Medically relevant genes

Manual review

Gene list-based filtration:
• Location: [Your list of selected genes]
• gnomAD popMAX <1%*
*Modify based on the phenotype in question

Genotype-centric Phenotype-centric

Manual review

These approaches are used to identify variants in 
genes with established disease associations. 

*Can modify based on the phenotype in question



What types of variants might be considered 
for return?
• Clinical exome and genome sequencing reports usually focus on 

Pathogenic and Likely Pathogenic variants related to the patient 
phenotype

• Suspicious VUS may also be reported
Variant categories
• Rare, large effect variants that may explain the patient phenotype
• Variants that confer increased risk for the patient phenotype
• Medically actionable variants unrelated to the patient phenotype 

(incidental findings/secondary findings)
• Pharmacogenomic variants
• Carrier status

Return of variants that confer a diagnosis of 
a non-actionable diseases unrelated to the 
phenotype is generally discouraged in the 

clinical world 



Sample filtration approaches: Discovery

De novo variants:
• Present in proband, absent in both parents
• gnomAD popMAX <0.1%
• Nonsense, missense, essential splice, 

extended splice, frameshift, inframe indels
• High quality calls

• Heterozygous calls
• Shared in affected individuals (if available)
• gnomAD popMAX <0.1%
• Nonsense, missense, essential splice, 

extended splice, frameshift, inframe indels
• High quality calls

• Compound heterozygous, homozygous, or 
hemizygous (X-linked)

• gnomAD popMAX <0.1%
• Nonsense, missense, essential splice, 

extended splice, frameshift, inframe indels
• High quality calls

De novo Recessive

These are restrictive searches. If no candidates are 
identified, criteria should be relaxed:
• Quality metrics
• Frequency thresholds
• Noncoding regions

Dominant



What types of variants might be considered 
for return?
• In research/discovery settings, additional data is often needed to 

evaluate whether or not a candidate is truly causative for the 
phenotype. These may include:

• Transcript analysis
• Functional studies – in vitro or in vivo
• Identifying additional patients with variants in the same gene

• Matchmaker Exchange (www.matchmakerexchange.org)
• Additional clinical followup



Limitations of GS

• Not all variants are detectable by WGS
• Highly homologous regions
• Challenging variant types (repeat expansions, structural variants) may be 

missed depending on the pipeline in use

• Variants in noncoding regions are difficult to interpret
• Typically requires supplementary assays, ie RNASeq

• Success of filtration methods depends on current understanding of 
genes, variants, and pathways

• Consider periodic reinterpretation of unsolved cases



Take-home messages

• Genomic sequencing produces a lot of data
• Bioinformatic data processing and specialized filtration programs are 

essential to analysis
• There are many approaches to genomic data filtration

• Different methods will return different subsets of variants
• Different contexts necessitate different filtration approaches

• Analysis does not end at filtration
• In depth assessment of genes and variants are necessary to determine if your 

candidates may be disease causing
• Follow-up studies may be necessary



Good luck in your analyses!
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